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Key messages

o Food system emissions are critical: The global food system contributes 29% of all anthropogenic GHG emissions,

with AFOLU accounting for 18% of global emissions. Non-AFOLU emissions (energy, waste, industry) — which are often
overlooked — add 11% and are becoming the dominant source of food system emissions in developed countries.
Avoiding aggregation bias: Grouping some emission sources into broad categories while breaking down others can
obscure the importance of the smaller but often significant sources. Targeting these smaller sources, or ‘low-hanging fruit,
can effectively accelerate emissions reductions.

Closing data gaps: A lack of detailed data on land use and food system emissions hinders the identification of high-
impact mitigation strategies. More granular, reliable data collection at national and subnational levels is essential for
effective policymaking.

NDC segmentation: NDCs are organized around the four economic sectors (AFOLU, energy, IPPU and waste) in the IPCC
Guidelines for National Greenhouse Gas Inventories. This hinders the development of integrated policies to reduce GHG
emissions in the food system, which spans across these four sectors.

Collaboration, engagement and research are key: Strengthening national research and fostering collaboration across civil
society, governments, academia and the private sector are vital to creating context-specific, sustainable policies that address
climate-change mitigation and adaptation without threatening food security, particularly for vulnerable populations.

Introduction

Agriculture and forestry cover almost 70% of the Earth’s total
land area.? Agriculture, forestry and aquaculture produce the
primary biomass that everybody needs to make food, feed,
fibres, shelter, energy and other biomaterials. Sixty percent of
the global population — including 1.2 billion poor, rural people
— depend mainly on agrifood systems for their livelihoods (FAO
2022). Agriculture represents around 70% of total freshwater
withdrawals.* Therefore, there can be no sustainable future
without sustainable agriculture and food systems.

However, the social and environmental costs of currently
unsustainable food systems® overshadow, by far, their economic
benefits. While the latter have been estimated in the range of

1 CIFOR-ICRAF

2 PSE (Paris School of Economics)

3 See FAOSTAT: https://www.fao.org/faostat/en/#data/RL (last update
19 August 2024).

4 See World Bank — World Development Indicators database,

see: https://databank worldbank.org/reports.aspx?source=world-
development-indicators (last update 19 September 2024).

5 By the definition of the High-Level Panel of Experts on Food Security
and Nutrition (HLPE 2014), a food system combines “all the elements
(environment, people, inputs, processes, infrastructures, institutions,
etc.) and activities that relate to the production, processing, distribution,
preparation and consumption of food, and the outputs of these
activities, including socio-economic and environmental outcomes.

USD 7-8 trillion (EcoNexus and Berne Declaration 2013), the
former could reach as much as USD 15 trillion a year, including
a burden of at least USD 11 trillion placed on human health,
and USD 3 trillion on the environment (Nature 2019; Ruggeri
Laderchi et al. 2024). Since 2000, the use of pesticides has
surged by 62%, and the application of inorganic fertilizers has
increased by 44% (FAO 2023). As a result of current practices,
about 33% of the world’s soils are degraded, with 52% of
agricultural land experiencing soil degradation; some 20% of
global aquifers are at risk of depletion (Jasechko and Perrone
2021); and 34% of fishery stocks are overexploited (FAO 2020).
Nearly 75% of human-caused negative impacts on terrestrial
biodiversity can be attributed to agriculture, while forestry
represents an additional 23% (UNEP 2024). Primary forests
continue to be destroyed at a rate incompatible with a pathway
to zero deforestation (Forest Declaration Assessment Partners
2024), and agriculture directly threatens 86% of species at risk
of extinction (Benton et al. 2021). As outlined in this publication,
beyond these important environmental impacts, the global food
system is a major source of greenhouse gas (GHG) emissions:

it is responsible for about one-third of total anthropogenic
emissions and plays a significant role in climate change.

To address the need for transforming the global food system
in ways that reduce GHG emissions while maintaining

food security and nutrition, we analyse global food system
emissions from different data sources, namely the Emissions
Database for Global Atmospheric Research (EDGAR), FAOSTAT
and the Intergovernmental Panel on Climate Change (IPCC).


https://doi.org/10.17528/cifor-icraf/009317
http://cifor-icraf.org
https://databank.worldbank.org/reports.aspx?source=world-development-indicators
https://databank.worldbank.org/reports.aspx?source=world-development-indicators
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Box 1. Low-Emission Food Systems
Initiative of the CGIAR

The Low-Emission Food Systems Initiative,® launched
under the Consultative Group for International
Agricultural Research (CGIAR) in 2022, takes a
holistic view of food system emissions, covering the
entire supply chain in selected partner countries.

It explores underutilized pathways to reduce GHG
emissions while improving food security and
nutrition. Collaborating with national stakeholders —
including civil society, governments, academia and
the private sector - the initiative provides tools and
knowledge to support evidence-based decisions,
addressing challenges in policy development

and implementation to cut GHG emissions from
food systems.

We then recommend strategies for policymakers to
better incorporate food systems into updated Nationally
Determined Contributions (NDCs) aligned with the 1.5°C
climate pathway. A thorough examination of food system
emissions data is crucial for crafting effective policies that
can swiftly and efficiently mitigate emissions. This global
analysis is supported by similar analyses that have been
conducted at the national level in four countries: China
(Song et al. 2023), Colombia (Martius et al. 2023a), Kenya
(Martius et al. 2023b) and Vietnam (Martius et al. 2023c).
This work is part of the Low-Emission Food Systems Initiative
of the CGIAR (Box 1).

Global food system
emissions data

Emissions Database for Global
Atmospheric Research (EDGAR)

The European Union's Emissions Database for Global
Atmospheric Research (EDGAR) provides annual emissions
data across regions, countries and sectors, not only for
GHGs (CO,, CH,, N,O and fluorinated gases) but also for air
pollutants. The latest version of the dataset (EDGAR v8.0)
covers the period 1970-2022.” The EDGAR Food dataset,
focusing on food system emissions, was developed based
on a previous version (EDGAR v6.0). It covers the period
1990-2015. EDGAR Food also includes land use and land-
use change emissions data, taken from FAOSTAT.

6 See: https://www.cgiar.org/initiative/low-emission-food-
systems/

7 For more information, see: https://edgar.jrc.ec.europa.eu/
emissions_data_and_maps

According to EDGAR Food, global food system emissions
amounted to about 18 [range: 14-22] GtCO,eq/yr in 2015,
that is 34% of total anthropogenic GHG emissions (Crippa
et al. 2021). Emissions from agriculture, land use and
land-use change accounted for 71% of total food system
emissions, with the remaining part coming from pre- and
post-production activities along food value chains, including
industrial processes and packaging; storage and transport;
as well as retail and consumption. Industrialized countries
were responsible for 27% of global food system emissions,
while the remaining 73% was emitted by developing
countries (including China). While the land-based sector’s
share of food system emissions remains preponderant in
developing countries (73%), food value chains’ emissions
beyond the farm gate — including industry and waste —
now represent the larger part of food system emissions

in industrialized countries (53%), surpassing land-based
emissions (Crippa et al. 2021).

FAOSTAT

The FAOSTAT dataset, developed by the Food and
Agriculture Organization of the United Nations (FAO),
compiles detailed national-level annual data from 1961 to
the most recent year available on agriculture and forestry
(area, production and trade), agricultural inputs, as well as
land use and land-use change, plus a suite of indicators on
food security and nutrition. FAOSTAT also reports agrifood
system GHG emissions, by gas and source of emission,
following the standard IPCC methodology and Tier 1
emissions factors. Agrifood system emissions in FAOSTAT
are divided into three main categories (land-use change;
farm gate; pre- and post-production activities beyond the
farm gate), and are further divided into different sources of
emissions, as illustrated in Table 1.

In 2021, according to FAOSTAT, major sources of agrifood
system emissions were, by decreasing order of importance:
net forest conversion (18.1%), enteric fermentation by cattle
(17.6%) and waste disposal (7.9%). The land-based sector
(land-use change and farm gate emissions) still represented
the bulk of food system emissions (67.1%). However, the
share of emissions from pre- and post-production activities
in total food system emissions has increased over the past
decade: according to FAOSTAT, it represented 32.9% in 2021
(Table 1). Therefore, these emissions beyond the farm

gate — in pre-production (provision of farm inputs, such

as seeds, fertilizers, farm machinery and equipment) and
post-production activities along food value chains all the
way to the consumer table and wastebin — should not be
overlooked.

Intergovernmental Panel on Climate
Change (IPCC)

Following the IPCC (2006, 2019) methodological guidelines,
GHG emissions in IPCC assessments or in national
inventories used in Nationally Determined Contributions
(NDCs) are usually measured, analysed, presented and


https://www.cgiar.org/initiative/low-emission-food-systems/
https://www.cgiar.org/initiative/low-emission-food-systems/
https://edgar.jrc.ec.europa.eu/emissions_data_and_maps
https://edgar.jrc.ec.europa.eu/emissions_data_and_maps
https://www.cgiar.org/initiative/low-emission-food-systems/

Table 1. FAOSTAT agrifood system emissions
estimates (2021)

World agrifood system GHG MtCO2eq/

emissions (2021) yr (AR5) %
Agrifood systems (=1 + Il + lI) 16,227.5  100.0%
I. Land-use change 3,101.2 19.1%
Fires in humid tropical forests 135.7 0.8%
Fires in organic soils 20.5 0.1%

Net forest conversion 2,945.1 18.1%

Il. Farm gate 7,792.2 48.0%
Burning - Crop residues 379 0.2%
Crop residues 195.9 1.2%
Drained organic soils
(CO,, N,0) 922.1 5.7%
Enteric fermentation 2,863.2 17.6%
Manure applied to soils 162.9 1.0%
Manure left on pasture 777.7 4.8%
Manure management 397.0 2.4%
On-farm energy use 928.5 5.7%
Rice cultivation 686.2 4.2%
Savanna fires 221.2 1.4%
Synthetic fertilizers 599.7 3.7%

lll. Pre- and post-production 5,334.1 32.9%

Agrifood systems waste

disposal 1,281.3 7.9%

Fertilizer manufacturing 466.4 2.9%

Food household

consumption 1,204.5 7.4%
Food packaging 316.4 1.9%
Food processing 659.0 4.1%
Food retail 7623 4.7%
Food transport 555.6 3.4%
Pesticide manufacturing 88.7 0.5%

Source: FAOSTAT: https://www.fao.org/faostat/en/#data/GT (last updated
9 November 2023, accessed 24 October 2024).

addressed according to four economic sectors: Energy;
Industrial Processes and Product Use (IPPU); Agriculture,
Forestry and Other Land Use (AFOLU); and waste. This
sectoral approach, however, risks reducing the importance
of cross-sectoral issues, dynamics, synergies and trade-offs in
the political agenda. This is why, for the first time, the latest
IPCC assessment report (AR6) included a specific chapter
(Babiker et al. 2022) focusing on these cross-sectoral issues,
including food system GHG emissions.

Based on calculations using the EDGAR (v6.0) and FAOSTAT
datasets and methodologies described in previous
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studies (Crippa et al. 2021; Tubiello et al. 2021), the IPCC
had estimated 2018 global food system emissions at

17 GtCO,eq/yr (Babiker et al. 2022). Agriculture, which
includes crop and livestock production, was the largest
contributor, responsible for 6.3 GtCO,eq/yr or 37% of total
food system emissions. This was followed by land use, land-
use change and forestry (LULUCF; 4 GtCO,eq/yr — 24%),
energy use (3.9 GtCO,eq/yr — 23%), waste management
(1.7 GtCO,eq/yr — 10%) and industrial processes within

the food industry (IPPU; 0.9 GtCO,eq/yr — 5%) (Table 2).
AFOLU emissions (livestock, crop production and LULUCF)
amounted to 19% of total net anthropogenic emissions, and
non-AFOLU emissions (energy, waste and IPPU) accounted
for 12%.

Although the AFOLU sector had traditionally been seen as
representing over 70% of food system emissions (Mbow et
al. 2019; Crippa et al. 2021), the share of total non-farm food
system emissions — which span across all other non-AFOLU
economic sectors (i.e, energy, waste and IPPU) assessed

by the IPCC - increased from 28% in 1990 to 39% in 2018
(Babiker et al. 2022).

It is also worth noting in Table 2 that food system emissions
beyond the farm gate - i.e,, from non-AFOLU sectors —
amount to 6.5 GtCO,eq/yr in 2021, on par with agricultural
emissions. Hence, to efficiently reduce food system
emissions, it is critical to adopt an integrated perspective
along the whole food supply chains (pre-production,
on-farm and post-production activities, including waste
management and disposal), and across the four IPCC
economic sectors (Pingault and Martius 2023).

Table 2 also compares food system emissions with global
net anthropogenic emissions. Babiker et al. (2022) had

cited these as 54 GtCO,eq/yr, yet the more likely global net
anthropogenic emissions in 2018, the year for which the
Babiker data were collected, is 59 + 6 GtCO,eq/yr ¢ (Riahi

et al. 2022). It follows that food system emissions would be
only 29% of total anthropogenic emissions, with a range of
24%-35%.° This is slightly lower than previously accepted,
yet still substantial enough to warrant urgent action on food
system emissions.

The share of AFOLU emissions (livestock and crop
production and LULUCF together; categories b1 and b2 in
Table 2) is then 18% of total global emissions, but emissions
beyond the farm gate in non-AFOLU sectors (categories
b3-b5) amount to 11% of total global emissions — high
enough to be addressed with the same urgency as farm
gate emissions.

8 Infact, the IPCC (Riahi et al. 2022) gives this value for 2019, but
the annual deviation would be only 1.3%, which seems negligible
given the large uncertainties surrounding these data.

9 Food system emissions are given as 32% (range 23%-42%) of
global total emissions in Babiker et al. (2022).
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Table 2. IPCC global food system emissions estimates (2018)

Sector category

Emissions (GtCO,-eq

Emissions: Lower Emissions: Upper

per year) (GtCO,-eq per year) (GtCO,-eq per year)

Total anthropogenic emissions (a) 59 53 65

Total global food system emissions (b) 17 13 23

« Agriculture (livestock and crop production) (b1) 6.3 2.6 11.9
+ LULUCF (b2) 4 2.1 5.9
« Food system energy use (b3) 3.9 3.6 44
+ Food system waste management (b4) 1.7 0.9 2.6
+ Food system IPPU (b5) 0.9 0.6 1.1

Sources: Total anthropogenic emissions adopted from IPCC AR6 (Riahi et al. 2022); food system emissions adopted from Babiker et al. (2022).

Discussion

Global food system GHG emissions have been estimated at
around 16, 17 and 18 GtCO,eq/yr, according to FAOSTAT, IPCC
and EDGAR Food data, respectively. These values are surprisingly
consistent given the large methodological differences and the
overall uncertainty over food system emissions data (Table

2). For comparison, emissions in the AFOLU sector (i.e., land-
use changes and farm gate emissions), while considered in
the literature as well understood and well quantified, are still
associated with very high uncertainties in the range of 30% to
50% (Smith et al. 2014; Mbow et al. 2019; Pingault and Martius
2023). Table 2 (adapted from Babiker et al. 2022) presents an
even greater level of uncertainty for agricultural emissions.

These uncertainties are due to a limited understanding of

the complex biophysical and biological processes, spatial

and temporal dynamics and feedback loops involved in land-
climate interactions. But they are also due to a lack of data,
particularly for non-farm emissions (Niles et al. 2018; Mbow et al.
2019; Pingault and Martius 2023; Ruggeri Laderchi et al. 2024).
Collecting detailed data on agrifood system emissions and
mitigation potential — disaggregated by greenhouse gas, source
of emission or geographical scale - is challenging because of:

(i) the complexity of biological and biophysical processes at
stake, as well as their complex, often non-linear, spatial and
temporal dynamics and feedback loops; (i) the wide diversity of
ecosystems, geoclimatic zones, farming and food systems; and
(iii) the multiplicity of actors involved in agriculture and food
systems, many of whom are smallholders (Pingault and Martius
2023). The lack of strong data and evidence base is particularly
concerning for some sources of emissions, such as food loss
and waste (e.g., HLPE 2014; Axmann et al. 2024a, 2024b, 2024c,
2024d). This limits the design of reliable policies to implement
effective action.

In sectors like fisheries and aquaculture — while their emissions
appear to be relatively small'® compared with agriculture —

10  Although representing 17.4% of all animal proteins in the average
human diet (FAOSTAT FBS), fisheries and aquaculture account for about
0.58 GtCO,eq per year globally (Barange et al. 2018), which is less than
10% of global agricultural GHG emissions and just 1% of global net GHG
anthropogenic emissions.

the lack of consistent data and the absence of coverage in
IPCC methodological guidelines complicate the integration
of these sectors into national GHG inventories and
mitigation strategies. As a result, their emissions are often
overlooked or underestimated (Barange et al. 2018; Mbow
et al. 2019; Pingault and Martius 2023; Martius et al. 2023c).

Another concern lies in the trade-offs between
development objectives. Specifically, there are fears that
reducing food system emissions could threaten food
security and nutrition, especially for vulnerable populations,
as discussed at recent conferences of the parties to the
United Nations Framework Convention on Climate Change
(UNFCCQ). However, given the significant size of food
system emissions and the wide-reaching impacts of climate
change on food production, this legitimate concern should
not prevent the exploration of sustainable mitigation
pathways in land use and food systems. Pursuing holistic,
low-emission, resilient, fair and sustainable food systems is
essential for a sustainable future. Neglecting food system
emissions could jeopardize future food security, as climate
change heavily impacts ecosystems that support food
production.

Moreover, high agricultural emissions may signal
inefficiencies in farming systems and food value chains. An
integrated approach that addresses these inefficiencies can
align climate-change mitigation and adaptation, which are
two development goals that — while closely linked — have
historically been treated separately under the UNFCCC.
Prioritizing cost-effective, viable actions that offer multiple
benefits is essential for sustainable development. To
support low-emission development in line with the Paris
Agreement — without compromising food security, nutrition
or livelihoods — there is a need for more data, knowledge
and tools that are tailored to national contexts (Martius

et al. 2023a).

Strategic considerations

Building on this discussion, an effective strategy for
reducing emissions in the global food system involves a
holistic consideration of all emission sources along the
entire food-supply chain. This strategy should prioritize
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Percentage of total
anthropogenic:

Percentage of total
anthropogenic:

Percentage of total
anthropogenic

Percentage of
total food system

Percent of total
food system:

Percent of total
food system:

(mean) Lower (a) Upper (a) (mean) Lower (b) Upper (b)
100 100 100

28.8 24.5 354 100 100

10.7 49 18.3 37.1 20 51.7

6.8 4 9.1 235 16.2 25.7

6.6 6.8 6.8 229 27.7 19.1

2.9 1.7 4 10 6.9 11.3

1.5 1.1 1.7 5.3 4.6 4.8

emissions reduction pathways that effectively contribute to

the 1.5°C climate goal by applying the following key criteria to

guide decision making and prioritization:

. Emission size: Focus not only on major emission sources,
like “net forest conversion” and “enteric fermentation,”
which are significant but difficult to mitigate. Also consider
smaller sources, such as “agrifood system waste disposal,”
"household food consumption,” and “food transport.”"!
Taken together, these smaller emission sources can have
an impact equivalent to larger emission sources, yet they
may be easier to reduce by using existing, affordable
technologies.

e Costs of emissions reduction: Use marginal abatement
cost curves (MACCs) to evaluate the costs of reducing
specific emissions and to identify cost-effective strategies
(Li et al. 2024). These costs vary widely depending on local
climate, ecosystems, socioeconomic conditions, farming
systems and technologies. Developing reliable MACCs may
require significant data collection, research and modelling
across different biomes and socioeconomic contexts.
Estimating these abatement costs is key to assessing
feasibility.

o  Feasibility and desirability: Assess the feasibility of
alternative technologies and mitigation options for
emissions reduction.” Not all desirable mitigation options
are also highly feasible. The feasibility will increase if it
brings multiple co-benefits for sustainable development
and is technically, politically and socially viable — besides
being a good economic solution. Factors such as political

11 The terms quoted here in quotation marks follow FAOSTAT
terminology.

12 Asystematic and comprehensive Opportunity Assessment
Framework (OAF) is under development (Pingault and Martius,
forthcoming) to expand these strategic considerations and allow

the ranking of alternative mitigation options according to their level

of opportunity (i.e, desirability and feasibility). The OAF includes 23
indicators covering the six IPCC dimensions of feasibility (geophysical,
environmental-ecological, technological, economic, sociocultural and
institutional; IPCC 2022). Using the OAF could help raise the ambition of
NDCs and climate policies by identifying and prioritizing low-hanging
fruits, meaning viable mitigation options that have highly transformative
potential, are easy to implement quickly and are best adapted to local
circumstances, priorities and needs.

and institutional support, public acceptance, resistance
to change, social norms or cultural beliefs necessitate a
nuanced approach to policy and intervention design.

A concurrent consideration of these criteria can help decision
makers to identify high-priority areas for interventions based
on the specific context of their country or region.

Conclusion and recommendations

The global food system is responsible for one-third of total
global net anthropogenic emissions. By size, this is on par
with the emissions of China — which emits more GHGs than
any other country (31% of global emissions in 2020) — and
significantly higher than those of the United States, which
ranks second (13.5%) on the list of major emitting nations
(see FAOSTAT)." Thus, reducing food system emissions
should be a key action in mitigation strategies. The large
contribution from livestock digestion processes underscores
the need for innovative solutions in animal agriculture, such
as dietary changes or methane-reducing technologies. While
AFOLU emissions still form the bulk of food system emissions,
the share of non-AFOLU emissions is increasing and even
becoming preponderant in industrialized countries.

Emission sources are arbitrary categories. Often, in the
datasets, large sources refer to aggregated categories, such
as livestock, while emissions beyond the farm gate are
disaggregated, making them look smaller. When aggregated,
smaller emission sources — including food system waste
disposal, energy use and transport — cumulatively represent

a significant share (33%) of food system emissions, according
to FAOSTAT (Table 1). When looking at the costs, viability
and political economy of climate action, addressing multiple
smaller emission sources could be as impactful as targeting
emission sources that have larger mitigation potential but are
harder to address (such as livestock emissions). This may offer
more practical pathways for emissions reductions, leading to
faster, cheaper and easier progress.

13 See also: https.//www.globalcarbonproject.org/carbonbudget/
archive/2021/GCP_CarbonBudget_2021.pdf


https://www.globalcarbonproject.org/carbonbudget/archive/2021/GCP_CarbonBudget_2021.pdf
https://www.globalcarbonproject.org/carbonbudget/archive/2021/GCP_CarbonBudget_2021.pdf
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The sectoral approach (distinguishing the four sectors of

energy; IPPU; AFOLU and waste), followed by the IPCC

and by parties to the UNFCCC in their NDCs, makes it

more difficult to identify and address cross-sectoral issues,

synergies and trade-offs. Tubiello et al. (2021; Figure 1)

compare the sector mapping of emission sources in IPCC

inventories with FAOSTAT categories, showing that the
categories in each system are not congruent.™ As a result,
analysing food system emissions and climate policies at
both national and global levels is challenging because the
food system information is not easily extracted from GHG
inventories. This is further complicated by insufficient data
on activities; the lack of specific emissions factors; the lack
of an integrated overview of food system emissions; and
inadequate systematic data collection across food value
chains. Hence, unsurprisingly, national food systems are still
not adequately reflected in many NDCs despite their critical
importance for climate change mitigation (GAFF 2022). As
food systems span across the four IPCC sectors, we need
an integrated, cross-sectoral, holistic and comprehensive
approach to efficiently reduce GHG emissions across

food value chains while ensuring food security, nutrition,

poverty reduction and sustainable development (Pingault

and Martius 2023). This involves gathering detailed and
disaggregated data, as well as integrating sustainable
practices into policy frameworks, and leads to the following
recommendations:

e Holistic and critical examination: Food system
emissions data should be examined both holistically
and critically to identify hotspots and opportunities for
emissions reduction using available technologies and
minimal investment.

o  Detailed and disaggregated data: There is a need
for more detailed and disaggregated data on food
system emissions by gas, source of emissions, sector,
region and part of the value chain to support informed
decision making. Data collection should be improved
on targeted sectors in the food system to facilitate
the transformation to a low-emission food system.
Various databases should be used complementarily to
reduce gaps and discrepancies in data, leveraging their
strengths in providing quantitative and improved data
on global food system emissions.

o Policy integration: Policies that address food system
emissions more holistically should be developed and
implemented. This, in part, will require a focus on
emissions across the usual NDC categories to identify
large emission sources in this system, as well as
suitable, highly viable entry points for climate action.

14 GHG inventories and the FAO categories are hard to reconcile
because (1) “LULUCF"in GHG inventories, without “drained

organic soils,"is congruent to FAO's “land use change” category;

(2) “agriculture”plus “drained organic soils” from LULUCF and “on-farm
energy use”from “energy and IPPU" corresponds to FAO's “farm gate”
emissions.“Energy and IPPU" and “waste” together, minus ‘on-farm
energy use,’ correspond to “pre- and post-production”in FAQ.

Acknowledgements

Financial support for this study was provided through the
CGIAR Initiative on Low-Emission Food Systems. We express
our thanks to all funders who supported this research
through their contributions to the CGIAR Trust Fund.

References

Axmann HB, Guo X, Broeze J, Harbers C, Viquez-Zamora
M, Soethoudt JM. 2024a. Mitigate+: Food Loss and Waste
country profile China. Estimates of Food Loss and Waste,
associated GHG emissions, nutritional losses, land use and
water footprints. Montpellier, France: CGIAR; Wageningen,
The Netherlands: Wageningen Food and Biobased
Research. https://hdl.handle.net/10568/139278

Axmann HB, Guo X, Broeze J, Harbers C, Viquez-Zamora
M, Soethoudt JM. 2024b. Mitigate+: Food Loss and Waste
country profile Colombia. Estimates of Food Loss and Waste,
associated GHG emissions, nutritional losses, land use and
water footprints. Montpellier, France: CGIAR; Wageningen,
The Netherlands: Wageningen Food and Biobased
Research. https://hdl.handle.net/10568/139267

Axmann HB, Guo X, Broeze J, Harbers C, Viquez-Zamora
M, Soethoudt JM. 2024c. Mitigate+: Food Loss and Waste
country profile Kenya. Estimates of Food Loss and Waste,
associated GHG emissions, nutritional losses, land use and
water footprints. Montpellier, France: CGIAR; Wageningen,
The Netherlands: Wageningen Food and Biobased
Research. https://hdl.handle.net/10568/139272

Axmann HB, Guo X, Broeze J, Harbers C, Viquez-Zamora
M, Soethoudt JM. 2024d. Mitigate+: Food Loss and Waste
country profile Vietnam. Estimates of Food Loss and Waste,
associated GHG emissions, nutritional losses, land use and
water footprints. Montpellier, France: CGIAR; Wageningen,
The Netherlands: Wageningen Food and Biobased
Research. https://hdl.handle.net/10568/139266

Babiker M, Berndes G, Blok K, Cohen B, Cowie A, Geden
O, Ginzburg V, Leip A, Smith P, Sugiyama M, et al. 2022.
Chapter 12: Cross-sectoral perspectives. In Shukla PR, Skea
J, Slade R, Al Khourdajie A, van Diemen R, McCollum D,
Pathak M, Some S, Viyas P, Fradera R, et al. eds. Climate
change 2022: Mitigation of climate change. Contribution
of Working Group Il to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge,
UK, and New York, NY: Cambridge University Press.
https//www.ipcc.ch/report/ar6/wg3/downloads/report/
IPCC_AR6_WGIII_Chapter12.pdf

Barange M, Bahri T, Beveridge MCM, Cochrane KL, Funge-
Smith S, Poulain F. 2018. Impacts of climate change on
fisheries and aquaculture: Synthesis of current knowledge,
adaptation and mitigation options. FAO Fisheries and
Aquaculture Technical Paper No. 627. Rome: Food and
Agriculture Organization of the United Nations. 628 pp.
https:.//www.fao.org/3/i9705en/19705EN.pdf


https://hdl.handle.net/10568/139278
https://hdl.handle.net/10568/139267
https://hdl.handle.net/10568/139272
https://hdl.handle.net/10568/139266
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_Chapter12.pdf
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_Chapter12.pdf
https://www.fao.org/3/i9705en/I9705EN.pdf

7

No. 411
November 2024

Benton TG, Bieg C, Harwatt H, Pudasaini R, Wellesley L.
2021. Food system impacts on biodiversity loss. Chatham
House Research Paper. London: The Royal Institute of
International Affairs, Chatham House. 75 pp. https://
www.chathamhouse.org/sites/default/files/2021-02/2021-
02-03-food-system-biodiversity-loss-benton-et-al_0.pdf

Crippa M, Solazzo E, Guizzardi D, Monforti-Ferrario F, Tubiello
FN, Leip A. 2021. Food systems are responsible for a third
of global anthropogenic GHG emissions. Nature Food
2:198-209. https://doi.org/10.1038/543016-021-00225-9.

EcoNexus and Berne Declaration. 2013. Agropoly: A handful
of corporations control world food production. Zurich: EvB;
Oxford, UK: EcoNexus. 18 pp. https://www.publiceye.ch/
fileadmin/doc/Saatgut/2014_PublicEye_Themenheft_1_
EN_Agropoly.pdf.

FAO (Food and Agriculture Organization of the
United Nations). 2023. World Food and Agriculture —
Statistical Yearbook 2023. Rome: FAQ. 384 pp. https://
openknowledge fao.org/handle/20.500.14283/cc8166en

FAO. 2022. The future of food and agriculture — Drivers
and triggers for transformation. The Future of Food
and Agriculture, No. 3. Rome: FAO. 444 pp. https://
openknowledge.fac.org/handle/20.500.14283/cc095%n

FAQ. 2020. The state of world fisheries and aquaculture 2020:
Sustainability in action. Rome: FAQ. 244 pp. https://doi.
0rg/10.4060/ca9229en

Forest Declaration Assessment Partners. 2024. Forests under
fire: Tracking progress on 2030 forest goals. Climate
Focus (coordinator and editor). https://forestdeclaration.
org/resources/forest-declaration-assessment-2024

GAFF (Global Alliance for the Future of Food). 2022.
Untapped opportunities for climate action: An assessment of
food systems in Nationally Determined Contributions. Global
Alliance for the Future of Food. https://futureoffood.
org/wp-content/uploads/2022/03/assessment-of-food-
systems-in-ndcs.pdf.

HLPE (High-Level Panel of Experts on Food Security and
Nutrition of the Committee on World Food Security)
2014. Food losses and waste in the context of sustainable
food systems. Rome: HLPE. https://www.fac.org/3/i3901e/
i3901e.pdf.

IPCC (Intergovernmental Panel on Climate Change).

2022. Annex II: Definitions, Units and Conventions.

Al Khourdajie A, van Diemen R, Lamb WF, Pathak M,
Reisinger A, de la Rue du Can S, Skea J, Slade R, Some S,
L. Steg. eds. In Shukla PR, Skea J, Slade R, Al Khourdajie
A, van Diemen R, McCollum D, Pathak M, Some S, Vyas
P, Fradera R, et al. eds. Climate change 2022: Mitigation
of climate change. Contribution of Working Group Ill to the
Sixth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge, UK, and New York, NY:
Cambridge University Press. 1821-1840. https://doi.
org/10.1017/9781009157926.021

IPCC. 2019. 2019 Refinement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories. Accepted in May
2019. Geneva: IPCC. https.//www.ipcc.ch/report/2019-

|Afo

refinement-to-the-2006-ipcc-guidelines-for-national-
greenhouse-gas-inventories/

IPCC. 2006. 2006 IPCC Guidelines for National Greenhouse
Gas Inventories. Prepared by the National Greenhouse
Gas Inventories Programme. Eggleston HS, Buendia L,
Miwa K, Ngara T, Tanabe K. eds. Hayama, Japan: IGES.
https:.//www.ipcc-nggip.iges.or.jp/public/2006gl/

Jasechko S and Perrone D. 2021. Global groundwater wells
at risk of running dry. Science 372:418-421. https.//www.
science.org/doi/10.1126/science.abc2755

Li S, Zhang M, Hou L, Gong B, Chen K. 2024. A framework for
cost-effectiveness analysis of greenhouse gas mitigation
measures in dairy industry with an application to dairy
farms in China. Journal of Environmental Management 370:
122521. https://doi.org/10.1016/jjenvman.2024.122521

Martius C, Wassmann R, Mwambo FM, Pingault N, Guérin
L. 2023a. Food systems emissions in Colombia and their
reduction potential: A country profile. Occasional Paper
4. Bogor, Indonesia: Center for International Forestry
Research (CIFOR); Nairobi, Kenya: World Agroforestry
(ICRAF). https://doi.org/10.17528/cifor-icraf/008864

Martius C, Guérin L, Pingault N, Mwambo FM, Wassmann
R, Cramer L, Shikuku K. 2023b. Food systems emissions
in Kenya and their reduction potential: A country profile.
Occasional Paper 7. Bogor, Indonesia: Center for
International Forestry Research (CIFOR); Nairobi, Kenya:
World Agroforestry (ICRAF). https://doi.org/10.17528/cifor-
icraf/008997

Martius C, Guérin L, Pingault N, Mwambo FM, Wassmann R,
Pham TT, Tran N, Chan CY. 2023c. Food systems emissions
in Vietnam and their reduction potential. A country profile.
Occasional Paper 12. Bogor, Indonesia: Center for
International Forestry Research (CIFOR); Nairobi, Kenya:
World Agroforestry (ICRAF). https://doi.org/10.17528/cifor-
icraf/009048

Mbow C, Rosenzweig C, Barioni LG, Benton TG, Herrero M,
Krishnapillai M, Liwenga E, Pradhan P, Rivera-Ferre MG,
Sapkota T, et al. 2019. Chapter 5: Food security. In Shukla
PR, Skea J, Calvo Buendia E, Masson-Delmotte V, Portner
H-O, Roberts DC, Zhai P, Slade R, Connors S, van Diemen
R, et al. eds. Climate change and land: An IPCC special
report on climate change, desertification, land degradation,
sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems. Cambridge,
UK: Cambridge University Press. 437-550. https://doi.
org/10.1017/9781009157988.007

Nature. 2019. Counting the hidden $12-trillion cost of a
broken food system. Nature 574:296-296. https://doi.
0rg/10.1038/d41586-019-03117-y

Niles MT, Ahuja R, Barker T, Esquivel J, Gutterman S, Heller
MC, Mango N, Portner D, Raimond R, Tirado C, et al. 2018.
Climate change mitigation beyond agriculture: A review
of food system opportunities and implications. Renewable
Agriculture and Food Systems 33(3):297-308. https://doi.
0rg/10.1017/51742170518000029


https://www.chathamhouse.org/sites/default/files/2021-02/2021-02-03-food-system-biodiversity-loss-benton-et-al_0.pdf
https://www.chathamhouse.org/sites/default/files/2021-02/2021-02-03-food-system-biodiversity-loss-benton-et-al_0.pdf
https://www.chathamhouse.org/sites/default/files/2021-02/2021-02-03-food-system-biodiversity-loss-benton-et-al_0.pdf
https://doi.org/10.1038/s43016-021-00225-9
https://www.publiceye.ch/fileadmin/doc/Saatgut/2014_PublicEye_Themenheft_1_EN_Agropoly.pdf
https://www.publiceye.ch/fileadmin/doc/Saatgut/2014_PublicEye_Themenheft_1_EN_Agropoly.pdf
https://www.publiceye.ch/fileadmin/doc/Saatgut/2014_PublicEye_Themenheft_1_EN_Agropoly.pdf
https://openknowledge.fao.org/handle/20.500.14283/cc8166en
https://openknowledge.fao.org/handle/20.500.14283/cc8166en
https://openknowledge.fao.org/handle/20.500.14283/cc0959en
https://openknowledge.fao.org/handle/20.500.14283/cc0959en
https://doi.org/10.4060/ca9229en
https://doi.org/10.4060/ca9229en
https://forestdeclaration.org/resources/forest-declaration-assessment-2024
https://forestdeclaration.org/resources/forest-declaration-assessment-2024
https://futureoffood.org/wp-content/uploads/2022/03/assessment-of-food-systems-in-ndcs.pdf
https://futureoffood.org/wp-content/uploads/2022/03/assessment-of-food-systems-in-ndcs.pdf
https://futureoffood.org/wp-content/uploads/2022/03/assessment-of-food-systems-in-ndcs.pdf
https://www.fao.org/3/i3901e/i3901e.pdf
https://www.fao.org/3/i3901e/i3901e.pdf
https://doi.org/10.1017/9781009157926.021
https://doi.org/10.1017/9781009157926.021
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.science.org/doi/10.1126/science.abc2755
https://www.science.org/doi/10.1126/science.abc2755
https://doi.org/10.1016/j.jenvman.2024.122521
https://doi.org/10.17528/cifor-icraf/008864
https://doi.org/10.17528/cifor-icraf/008997
https://doi.org/10.17528/cifor-icraf/008997
https://doi.org/10.17528/cifor-icraf/009048
https://doi.org/10.17528/cifor-icraf/009048
https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1038/d41586-019-03117-y
https://doi.org/10.1038/d41586-019-03117-y
https://doi.org/10.1017/S1742170518000029
https://doi.org/10.1017/S1742170518000029

Pingault N and Martius C. (forthcoming). Prioritizing
mitigation pathways in land use and food systems: A
systematic framework to assess opportunities. Occasional
Paper. Bogor, Indonesia: Center for International
Forestry Research (CIFOR); Nairobi, Kenya: World
Agroforestry (ICRAF).

Pingault N and Martius C. 2023. Ten promising pathways
to GHG emission reduction in the global food system.
CIFOR-ICRAF Occasional Paper 3. Bogor, Indonesia: Center
for International Forestry Research (CIFOR); Nairobi, Kenya:

World Agroforestry (ICRAF). https://doi.org/10.17528/cifor-

icraf/008836

Riahi K, Schaeffer R, Arango J, Calvin K, Guivarch C,
Hasegawa T, Jiang K, Kriegler E, Matthews R, Peters GP,
et al. 2022. Chapter 3: Mitigation pathways compatible
with long-term goals. In Shukla PR, Skea J, Slade R,
Al Khourdajie A, van Diemen R, McCollum D, Pathak
M, Some S, Vyas P, Fradera R, et al. eds. Climate change
2022: Mitigation of climate change. Contribution of
Working Group lll to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge,
UK, and New York, NY: Cambridge University Press. 295-
408. https://doi.org/10.1017/9781009157926.005

Ruggeri Laderchi C, Lotze-Campen H, DeClerck F, Bodirsky
BL, Collignon Q, Crawford MS, Dietz S, Fesenfeld L,
Hunecke C, Leip D, et al. 2024. The economics of the
food system transformation. Food System Economics
Commission (FSEC), Global Policy Report. https://
foodsystemeconomics.org/wp-content/uploads/FSEC-
Global_Policy_Report.pdf

__orief

Smith P, Bustamante M, Ahammad H, Clark H, Dong H,

Elsiddig EA, Haberl H, Harper R, House J, Jafari M, et al.
2014. Chapter 11: Agriculture, forestry and other land
use (AFOLU). In Edenhofer O, Pichs-Madruga R, Sokona
Y, Farahani E, Kadner S, Seyboth K, Adler A, Baum |,
Brunner S, Eickemeier P, et al. eds. Climate change 2014:
Mitigation of climate change. Contribution of Working Group
Il to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK, and New York,
NY: Cambridge University Press. 811-922. https://www.
ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_
chapter11.pdf

Song Z, Zhang Y, Xiong W, Chen K. 2023. Towards a low-

emission agrifood sector in the People’s Republic of
China: A country profile. Occasional Paper 5. Bogor,
Indonesia: Center for International Forestry Research
(CIFORY); Nairobi, Kenya: World Agroforestry (ICRAF).
https://doi.org/10.17528/cifor-icraf/008865

Tubiello FN, Rosenzweig C, Conchedda G, Karl K, Gltschow

J, Xueyao P, Obli-Laryea G, Wanner N, Qiu SY, De Barros
JD, et al. 2021. Greenhouse gas emissions from food
systems: Building the evidence base. Environmental
Research Letters 16: 065007. https://doi.org/10.1088/1748-
9326/ac018e

UNEP (United Nations Environment Programme). 2024.

Global resources outlook 2024: Bend the trend — Pathways

to aliveable planet as resource use spikes. Summary for
policymakers. Nairobi, Kenya: International Resource Panel.
40 pp. https://wedocs.unep.org/20.500.11822/44902

concerning the delimitation of its frontiers or boundaries.

The designations employed and the presentation of material in this publication do not imply the expression of any opinion on the part
of CIFOR-ICRAF, its partners and donor agencies concerning the legal status of any country, territory, city or area or of its authorities, or

cifor-icraf.org

forestsnews.org



http://cifor-icraf.org
https://forestsnews.cifor.org
https://doi.org/10.17528/cifor-icraf/008836
https://doi.org/10.17528/cifor-icraf/008836
https://doi.org/10.1017/9781009157926.005
https://foodsystemeconomics.org/wp-content/uploads/FSEC-Global_Policy_Report.pdf
https://foodsystemeconomics.org/wp-content/uploads/FSEC-Global_Policy_Report.pdf
https://foodsystemeconomics.org/wp-content/uploads/FSEC-Global_Policy_Report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter11.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter11.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter11.pdf
https://doi.org/10.17528/cifor-icraf/008865
https://doi.org/10.1088/1748-9326/ac018e
https://doi.org/10.1088/1748-9326/ac018e
https://wedocs.unep.org/20.500.11822/44902

